Abstract: Samples of dying branches from 121 trees of Quercus pubescens, Q. cerris, and Q. petraea were taken from 102 sites in Seslerio autumnalis-Quercetum petraeae and Ostryo-Quercetum pubescentis forests. After nine months' rearing in eclectors, branches were cut to 20-cm sections, and signs of infestation as well as larvae and adult insects were noted. We analysed 395 sections of branches from Q. pubescens, 125 sections from Q. cerris, and 85 sections from Q. petraea. We found 44 adult insects: 45% were from the Cerambycidae family (Callimus angulatus ssp. angulatus, Poecilium alni, and Exocentrus adspersus), 18% were from the Scolytinae subfamily (Scolytus intricatus, Xyleborus dispar), 4% from the Buprestidae family (Coraebus florentinus), 4.5% from the Cleridae family (Tilloidea unifasciata), and 28.5% from other families. In addition, 145 larvae were found: 50% from the Cerambycidae family, 39% from the Buprestidae family, 4% from the Scolytinae subfamily, and 7% from other families. Significant difference in the abundance of adult insects and larvae with regard to the diameter of branch sections and the host species were found. 78% of dying branches showed signs of infestation. Species of the Buprestidae, Scolytinae, and Cerambycidae represent important factors in the decline in oak vitality in the lower Karst region of Slovenia.
Introduction
Slovenia has an above-average percentage of forested area compared to other European countries. According to data from the Slovenian Forest Service (SFS), 57.5% of Slovenia is covered with forest. The results of a research evaluating forested areas from CORINE (Coordination of Information on the Environment) for Western Europe and from the PHARE program for Central and Eastern European countries for [1995] [1996] [1997] [1998] show that the percentage of forested area in Slovenia has reached 60%. Forests cover 1,227,832 ha of the surface area of Slovenia; deciduous forests (those with more than 75% deciduous trees) account for 39.1%, or 451,443 ha, conifer forests (those with more than 75% conifers) account for 21.7%, or 250,718 ha, and mixed forests (conifers and deciduous trees each between 25% and 75%) cover 39.2%, or 452.399 ha (Hočevar 2003) . In Slovenia, 52.1% of the wood stock consists of deciduous trees, while 47.9% consists of conifers.
Oaks are the most economically important and most widespread deciduous trees in the Northern Hemisphere. In Slovenia, there are six species of wild-growing oak: English oak (Quercus robur L.), sessile oak (Q. petraea Liebl.), Turkey oak (Q. cerris L.), downy oak (Q. pubescens Willd.), holm oak (Q. ilex L.), and Q. crenata Lam. (Brus 2005) . Forests are made up primarily of English oak, sessile oak, Turkey oak, and downy oak. These species are the primary trees or admixtures in various forest associations. English oak usually grows in a typical association of flood stands in an English oak forest with European false stitchwort, Pseudostellaria europaea (Pseudostellario -Quercetum roboris). Sessile oak in the sub-Mediterranean region forms an association with autumn moor grass (Seslerio autumnalis-Quercetum petraeae) and is also often found in association with common beech and Ornithogallum pyrenaicum (Ornithogalo pyrenaic-Carpinetum betuli), and at somewhat higher altitudes in association with Carex umbrosa (Carici umbrosae-Quercetum petraeae). Turkey oak is found in warmer regions, and in larger oak associations, it is usually the primary species. Downy oak grows in many different associations, the most important of which is Ostryo-Quercetum pubescentis in the Mediterranean area (Brus 2005) . According to data from the SFS, oaks are found in 713,849 ha, and their wood stock amounts to 927,104 m 3 , or 8% of the total wood stock in Slovenian forests. Sessile oak is the most common oak species, followed by Turkey oak and English oak (Mikulič 2005) .
From the end of the 19 th century, a number of researchers have noted a decline in oak species. In the 20 th century, a number of theories have been proposed in an attempt to clarify the reasons for this decline. One of the first was put forward by Manion (1981) . Later, theories of the combined effect of many factors are found in the works of Führer (1992) , Donaubauer (1995) , Rösel & Reuther (1995) , and Siwecki & Ufnalski (1995) . There are also numerous studies on the reasons for oak decline in particular areas of Europe (Hämmerli & Stadler 1989; Hartmann et al. 1989; Näveke & Meyer 1990; Harapin & Androić 1996) . Some researchers strongly associated the decline in oak vitality with water stress Triboulot et al. 1996; Tyree & Cochard 1996) , extremes in weather and an increased concentration of atmospheric CO 2 (Picon et al. 1996; Vivin et al. 1996) . Führer (1998) defined the stress factors involved in the degeneration of oaks in more detail, classifying them into exogenous, endogenous and systemic. One of the indicators of the state of oaks is the degree of crown transparency (including dry branches), which is monitored in Europe within the framework of monitoring the vitality of forests (Anonymous 1994) . A program to monitor the vitality (desiccation) of oaks is also underway in Slovenia. The results have shown that crown desiccation and mechanical damage to forest trees are increasing; in 2005, the percentage of damaged oaks (i.e., greater than 25% desiccation) was 82.30% (Anonymous 2007) . Some authors in Slovenia have linked the health of various oak species to pathogenic fungi and insects (Jurc 1999; Harapin & Jurc 2000; Jurc 2006) .
The current study deals with the entomofauna of dying and dead branches of oaks in the subMediterranean region of Slovenia and their importance for oak health.
Material and methods

Field work
The study of xylophagous insects took place in the SubMediterranean region of Slovenia in the Sežana-Komen and Nova Gorica low Karst plateau (100-650 m a.s.l.) (Fig. 1) . The substrate is limestone and flysch, and the soil is rendzic leptosols and terra rossa. The research area is dominated by two natural stands of forest associations of Seslerio autumnalis-Quercetum petraeae and Ostryo-Quercetum pubescentis, where the main tree species are Q. petraea, Fraxinus ornus L., Castanea sativa Mill., Q. cerris, Q. pubescens, Ostrya carpinifolia Scop., Acer monspessulanum L., A. campestre L., Sorbus torminalis (L.) Crantz, S. domestica L., S. aria (L.) Crantz, Carpinus betulus L., C. orientalis Mill., Ulmus minor Mill., and other deciduous trees. The closure of the crowns of dominant trees is loose. The climate is transitional, typical of a region where the influences of mediterannean and alpine climate meet (average yearly temperature 11
• C, average temperature through the growing season 16.4
• C, maximum temperature greater than 30
• C, minimum temperature les than -14
• C). The precipitation is high (1500 ml m −1 ) but it is not evenly distribute throughout the year (Meteorological Data -station Komen, 1986 -2002 .
Samples of dying branches from 121 trees (Quercus pubescens -79, Q. cerris -25, Q. petraea -17) were taken from 60 to 80 years old trees at 102 sites (Fig. 1) . Sample collection took place from 23 May 2003 to 16 August 2004. Dying branches were taken from growing oaks because they were visible among the other green branches. 110 cm long parts of dying branches without symptoms (e.g., presence of fungal fruit bodies, mechanical damage) were gathered by cutting 10 cm below the point where the dying began.
Laboratory work
The sampled branches were brought in black plastic bags to the Laboratory for Forest Protection and Ecological Research (LVGEŠ), Department for Forestry and Renewable Forest Resources, at the Biotechnical Faculty in Ljubljana, where they were kept in entomological eclectors for nine months at room temperature. The branches were then cut into approximately 20-cm sections, numbered from 1 to 5, from the wider part towards the narrower part of the branch. The diameter of the branch sections were on average 28 mm, 26 mm, 16 mm, 9 mm, and 6 mm. For each individual section, the presence of insects (adults or larvae), galleries and holes was noted. Relevant identification keys were used to identify the insects (Bense 1995; Freude et al. 1966 Freude et al. , 1979 Grüne 1979; Heyrovský & Sláma 1992; Pfeffer 1995; Patočka et al. 1999; Sama 2002; Brelih et al. 2006; Löbl & Smetana 2006) and larvae (Klausnitzer 1991) . The adults that appeared from the branches as well as the developing larvae and adults in the branches were registered.
Statistical analysis
Calculation of basic statistical parameters, Levene's test, three-way ANOVA and Fisher's least significant difference (LSD) multiple-rank test were carried out using Statgraphics Plus (version 5.0; Statistical Graphics Corporation, USA).
Results
Insect adults
A total of 605 sections (samples) of branches were analysed: 395 sections from Q. pubescens, 125 sections from Q. cerris, and 85 sections from Q. petraea, 78% of dead branches contained larvae and adults of cambio-and xylophagous insects and 22% of the branches were without visible signs of damage. In total, 44 adult insects were found on 22 branches: 45% from the Cerambycidae family (Callimus angulatus ssp. angulatus, Poecilium alni, Exocentrus adspersus), 18% from the Scolytinae subfamily (Scolytus intricatus, Xyleborus dispar), 4% from the Buprestidae family (Coraebus florentinus), 4.5% from the Cleridae family (Tilloidea unifasciata) and 28.5% were from other families (Ichneumonidae and unidentified Hymenoptera).
Results of the analysis of signs of insect presence (adults, larvae, galleries, holes) for individual sections of branches are shown in Table 1 and Fig. 2 .
The cambio-and xylophagous insects found in oak branches were:
Callimus angulatus ssp. angulatus (Schrank, 1789) (Cerambycidae) was found at the Kromberk site (number 97, Fig. 1 • 40 E, 45
Poecilium alni (L., 1767) (Cerambycidae) was found at the Skopo site (number 45, Fig. 1 Explanations: df -degrees of freedom; MS -mean square; F -F ratio* statistically significant at P = 0.05 (multifactor ANOVA); V -branch section; I -adult insect species; H -oak species. Xyleborus dispar (F., 1792) (Scolytinae) was found at the Trstelj site (number 96, Fig. 1 ), 9.VIII.2004, UTM UL98, 13
• 42 E, 45
• 51 N, 620 m a.s.l. Coraebus florentinus (Herbst, 1801) (Buprestidae) was found at the Pliskovica site (numbers 39, Fig. 1 One species of the predatory xylobiont, Tilloidea unifasciata (F., 1787) (Cleridae), was also found, together with C. angulatus ssp. angulatus, at the Kromberk site (number 97, Fig. 1 • 40 E, 45
• 57 N, 115 m a.s.l. The material from all identified species is stored in the BF-Forestry entomological reference collection, Ljubljana.
Adult insects appeared most frequently in samples collected on March 8, 2004 (Fig. 2) . They were found in all sections of the branches, however, their numbers and species composition depended on the branch section and the oak species. ANOVA was justified based on Levene's test (P > 0.05). Sample size was justified by degrees of freedom in residual (six is minimum) ( Tables  2A, C) . Table 2A shows the numbers of adults as a function of branch section, insect species and species of oak they live on. The factors analysed independently and in two interactions show the importance of the numbers of adults. The thickest section of the branches beared the greatest number of adults (Table 2B ). The greatest numbers of adults were found for C. angulatus ssp. angulatus. The remaining species were less numerous and no statistically significant differences in their numbers were detected (Table 2C) .
Dependence of the numbers of insect adults on oak species is shown in Table 2D . The greatest numbers of adults were found on branches of Quercus pubescens, the smallest numbers on branches of Q. petraea. The numbers of adults differed, depending on time (month) of appearance (χ 2 = 157.65, ν = 11, P < 0.05).
Insect larvae
Identification of insect species by the morphological characteristics of their larvae is possible up to the family level (Klausnitzer 1991) . 145 larvae were found on 49 branches: 50% from the Cerambycidae family, 39% from the Buprestidae family (32% of the agrilus type and 7% of the buprestis type), 4% from the Scolytinae subfamily, and 7% belonged to Hymenoptera and other groups (Fig. 3 ). Larvae were found in all sections of the branches. The first and thickest section contained 49.9% of the larvae, the second, thinner section 25.5%, the third section 16.55%, the fourth section 6.89%, and the fifth section 2% of the total larvae.
The number of insect larvae and their species composition depended on both branch section and oak species. ANOVA was justified based on Levene's test (P > 0.05). Sample size was justified by degrees of freedom in residual (six is minimum) (Table 3A-C).
The numbers of larvae depended on branch section, on the family (species to which the larva belongs) and on the oak species where the larvae develop (Table 3A) . Each of the factors analysed had an independent and significant influence on the number of larvae and, in one case, a synergistic effect between factors L (species of larva) and H (oak species). Explanations: L -insect larvae, for other see Table 2A . Table 3B . Differences in the numbers of insect larvae as a function of branch section. For explanations see Table 2B . For explanations see Table 2C .
The first section of the branch differed from the rest in that it contained the greatest number of larvae. The second section contained fewer larvae and in For explanations see Table 2D . the remaining sections very few larvae were found (Table 3B).
The greatest numbers of larvae belonged to the Cerambycidae family, followed by Buprestidae and Scolytinae taxa (Table 3C ).
The greatest numbers of larvae were found in branches of Q. pubescens (Table 3D ), whereas Q. cerris and Q. petraea did not show statistically significant difference in numbers of larvae. The numbers of larvae differed by month (χ 2 = 64.83, ν = 11, P < 0.05). The greatest numbers of larvae were found in the samples collected on August 9, 2004.
The presence of galleries in dying and dead branches and the presence of holes in the bark on branches of Q. pubescens, Q. cerris, and Q. petraea were also noted. Branches of Q. pubescens (67%) had the largest number of galleries, while only 16% of branches of the remaining two oak species had galleries. Branches of Q. pubescens had the greatest numbers of holes (66%), while both Q. cerris (17%) and Q. petraea (17%) had fewer.
There is very strong evidence of an association between signs of the presence of insects and branch section (regression analysis: P = 0.0018, r 2 = 0.97). Results of analysis of all the signs of the presence of insects (adults, larvae, galleries, and holes) by section are shown in Fig. 4 . Based on these results it can be determined that the thickest branch sections are the most favourable habitat for xylophagous and xylomycetophagous insects.
The trend in all signs of the appearance of insects shows that there was an increase in insect presence over the research period and that the greatest numbers of insect signs were found in Q. pubescens. Weak but the only significant relationship was found between the numbers of insect signs and the date of branch collection in Q. pubescens (r 2 = 0.47, P < 0.05). (Fig. 5 ). The increase of insect presence could be a result of extreme drought in 2003 and stress condition for the hosts (Rouault et al. 2006) .
Species of Cerambycidae, Buprestidae and Scolytinae were the most common insects found on dying and dead oak branches in the lower Karst region. It was determined that 78% of dying and dead branches contained larvae or adults of xylophagous insects, while 22% of branches were without visible signs of mechanical damage and insect presence. With regard to the ecological demands of individual species, it can be concluded that some of the insect species found contribute to the decline in the vitality of oaks in the lower Karst region of Slovenia.
Natural regulators of populations of these xylophagous beetles which contribute to the dying of oak branches are members of Hymenoptera, in particular Ichneumonidae (Kenis & Hilszczanski 2004) and ants (Formicidae) as well as Cleridae, in particular Tilloidea unifasciata (Freude et al. 1979) .
Discussion
Researchers in European countries have developed many concepts and hypotheses regarding the phenomenon of "oak decline." The majority of researchers agree that the main reasons for the decreasing vitality of oaks are the changes in the water balance of the trees and metabolic disturbances, which have been brought about by weather extremes as well as by anthropogenic damage to the stands, defoliation by insects, and fungal infections. The factors causing oak decline can also cause desiccation of trees because of the additional action of xylophagous insects, pathogenic root fungi, or the physiological collapse of the host. Even though this scheme sounds relatively simple, physiological processes in trees exhibit a number of variations which are the result of local growing conditions and "stressors" (Führer 1998) .
Local conditions are the probable reason for the increasing contribution of jewel beetles (Buprestidae), longhorn beetles (Cerambycidae), and some species of bark beetles (Scolytinae) to the worsening condition of oaks in Central and Southern Europe over the past few years (Oszako & Delatour 2000; Evans et al. 2004; Lieutier et al. 2004 ). Members of these insect families are mostly thermophilic and therefore one can expect that their importance in destructiveness of forests will only increase along with global warming (Rouault et al. 2006) . Some of these insects are phloem feeders and reside entirely within the bark, while others are xylem feeders and feed in both the phloem and within the wood. However, some of them are able to invade healthy or weakened trees, killing them by girdling of the phloem system or as a result of extensive larval feeding under the bark. Therefore, certain species of Buprestidae, Cerambycidae and Scolytinae are considered to be damaging to living trees. Even if they are not lethal to standing trees, their secondary economic effects on naturally damaged trees can be considerable. Such phenomena have been observed in Germany (Saxony-Anhalt) over the past few years, where large dense populations of oak jewel beetles, namely Coraebus undatus (F., 1787) and Agrilus spp., have appeared on weakened Q. robur and Q. petraea, causing dying (Kontzog 2000) . In Hungary, Agrilus angustulus (Illiger, 1803) and Agrilus biguttatus (F., 1777) have been cited as important stress factors causing branch dying and damages to the root collar of oaks (Somogyi 2000) . In Russia, the importance of increased populations of A. angustulus, A. biguttatus and Scolytus intricatus as secondary pests has been emphasized (Yakovlev & Yakovlev 2000) . In Slovakia, the importance of bark beetles (S. intricatus) in the dying of oaks has been found to increase in drought years (Leontovyč & Kunca 2000) . In Italy, an increase in damage to oak branches due to Coraebus florentinus has been noted, while in Portugal, similar damage has been caused by species of the Coraebus genus (Coraebus fasciatus, C. undatus, C. florentinus) (Stergulc & Frigimelica 1996; Ferreira 2000) . In Poland, an increased density of species of the Buprestidae family (A. biguttatus, A. angustulus, A. sulcicollis Lacordaire, 1835) has been noted, with emphasis on the fact that A. biguttatus is a new and important factor in oak decline in Europe (Moraal & Hilszczanski 2000) .
The current study has dealt with a segment of cambio-and xylophagous entomofauna found on three of the most common oak species (Q. pubescens, Q. cerris, and Q. petraea) in the Slovenian sub-Mediterranean region. The most important species found in dying oak branches were C. angulatus ssp. angulatus, E. adspersus, P. alni, C. florentinus, S. intricatus and X. dispar.
Callimus angulatus ssp. angulatus is a stenotopic, thermophilic species found from low altitudes to mountainous regions. It is polyphagous on deciduous trees. The species is rare in most parts of Slovenia, being somewhat more common only in Istria and in the Primorje regions. The numbers and density of its popula-tion are stable and in the eastern part of the country even declining (Brelih et al. 2006) . Nevertheless, it can be concluded that C. angulatus ssp. angulatus is, with regard to its bionomics and relative stability of its population in Slovenia, able to contribute to the dying of affected oaks in Slovenia. This species is rare in Germany and is on the red list of threatened species (Binot et al. 1998) .
Poecilium alni is a European species. It is polyphagous, mainly on oaks and other deciduous trees. Larvae develop under the bark of dead, mostly 1-2 cm thick branches. It is quite common throughout Slovenia, except in the high mountains, and its numbers and density are stable. It is a stenotopic species, inhabiting low altitudes and submountainous forests (Brelih et al. 2006) .
Exocentrus adspersus is a stenotopic, thermophilic, polyphagous species, occurring mostly on Quercus spp., but also on other deciduous trees, and in rare cases on conifers (Pinus spp.). Larvae feed under bark in the wood of dead, dry branches and shoots, particularly in the thin material in the crown of trees. Exocentrus adspersus used to be very rare in Slovenia, at least according to available data, however, in the past two decades it appeared in greater numbers and has become the most common species of the Exocentrus genus (Brelih et al. 2006) . Because of its bionomics, E. adspersus represents a stress factor in the dying of oaks. In Germany, it is on the red list of threatened species (http://www.mu.sachsenanhalt.de/start/fachbereich04/artenschutz/files/299-304 2004 rl sachs anh bockkaefer.pdf#search=%22 Exocentrus % 20adspersus%20%20%22).
Scolytus intricatus is found on deciduous trees of the Quercus, Fagus, Ostrya, and Castanea genera (Pfeffer 1995) . Sexually immature young beetles perform maturity eating on shoots or buds of growing vegetation as well as on the previous year's thinner branches of the host tree. Maturity eating, which usually takes place on a vital tree, causes dying of branches. Scolytus intricatus has a wide economic importance because it attacks freshly felled trees. It causes the dying of young small branches of healthy hosts, where the maturity eating of the beetles takes place. Females lay their eggs on trunks which are weakened by other factors, and they thus become another factor in the decline of the host trees, particularly oaks (Führer 1998) . In Europe, S. intricatus is in the 35 th place out of 40 harmful insect species ). This species is generally present in Slovenia, particularly in the Karst area of the Primorje region (unpublished data from Slovenian Museum of Natural History).
Xyleborus dispar is polyphagous (Pfeffer 1995) . The beetles remain in galleries during summer, autumn and winter. Copulation takes place during the time when the beetles are maturing in the galleries. The females leave the galleries the next spring, from mid-March to the end of April, to find other trees and begin to make galleries in wood or branches. In cases where these insects attack bigger branches, at the beginning the maternal gallery is at a right angle to the axis of the branch, but it soon veers off and forms a concentric ring. Short galleries are formed in the original ring, following the grain of the wood. X. dispar attacks healthy trees. Excavation of maternal galleries often causes dying of young trees and a fast decline in older trees which tend to dry out quickly, particularly after flowering. In Slovenia, the population is stable and is found mostly in the continental part of the country (unpublished data from Slovenian Museum of Natural History).
Coraebus florentinus is widespread in Western Europe and in the Mediterranean region. Hosts of C. florentinus are species of the Quercus and Castanea genus . Coraebus florentinus prefers to inhabit sessile oak (Q. petraea). They swarm in June or July, when the females lay eggs in young branches of vital oaks, often in the vicinity of buds on shoots of growing vegetation or around a wound. When the larvae hatch, they spiral down the branches towards the trunk, first in the region of the cambium, and later in the wood of the branches. A gallery can reach a length of up to 1.5 m. A mature larva can form an almost perfect ring under the bark of a branch. Galleries of larvae thus stop the flow of water and minerals to the upper parts of the branches. From the site of the attack upwards, the branch starts to dry out (Stergulc & Frigimelica 1996) . Coraebus florentinus is a primary pest which attacks mostly old oaks, where it causes damage as well as dying and breaking of branches, although it does not cause dying of entire trees. It is believed that reduced growth rate of the host, falling of dead branches and general degradation of the trees are the consequences of an attack by C. florentinus. Because the species is relatively limited in its distribution and normally appears in smaller populations in nature, it has only a moderate influence on its hosts. According to some authors, C. florentinus can attack and cause even drying out of healthy trees (Stergulc & Frigimelica 1996; Jurc 2008) . Italy, Spain, and Portugal have reported much damage caused by C. florentinus. Damages to cork and evergreen oaks can be considerable, particularly on young small trunks under the crowns of an adult tree. Young trees of these species may dry out, while adult vital trees can grow again after falling off of damaged branches. The pest has been exterminated in Spain only by removing branches before the adult beetles emerge . In Slovenia, the population is stable and relatively widespread in the sub-Mediterranean region (unpublished data).
Tilloidea unifasciata is on the red list of threatened species in parts of Germany (Neumann 2004) .
The current study showed that species of the Cerambycidae (adults 45%, larvae 50%) and Buprestidae family (adults 4%, larvae 39%) were the most numerous insects found on oaks. Because of the numbers (especially larvae) and their biology and ecology, Buprestidae represents the most important group contributing to oak decline in the Primorje region of Slovenia. The species of the three main insect taxa found on oaks in Slovenia are preferentially thermophilic in their ecological demands (Freude et al. 1966 (Freude et al. , 1979 Pfeffer 1995) and therefore it can be expected that their destructiveness will only increase with global warming. Trends indicating an increase in the presence of signs of phloemophagous and xylophagous insects in the current study also indicate this to be the case.
Some species of Buprestidae, Cerambycidae and Scolytinae have experienced a decrease in population density and consequently have been granted threatened status. This is, among other reasons, probably a result of a decrease in breeding material in some parts of Europe. Therefore, these insects must be considered not only as species that can contribute to a decline in the vitality of oaks, but also as valuable species in thermophilic habitats in naturally occurring oak forests in Europe.
